Silver layers have stimulated a wide range of interest for their superior electrical and thermal conductivity 1) , catalytic 2) , antibacterial 3) , magnetic 4) and optical properties 5, 6) . Different silver deposition processes such as electroless plating 7) , electroplating 8) , vacuum deposition 9) , and sputtering deposition 10) have been conducted on various substrates. Electroless metallization is still one of the most effective processes and is applicable to complex-shaped materials or nonconductors, and is also less energy-consuming than other methods. Successful electroless silver deposition on various substrates, such as carbon fibre, silicate glass and cenospheres has been reported in several studies [11] [12] [13] [14] . Yet, uniform and controllable metallic plating on the substrates surface by electroless metallization still needs further improvement. From this point of view, it is demonstrated that the improved spray electroless deposition can be applied to achieve the continuous silver layer on the substrate surface, and realizes the direct deposition of silver onto the substrate. The process is usually carried out by simultaneously spraying the silver salt solution and reduction solution straightly onto the substrate surface in the metallization step. During which the silver layer can be dispersed uniformly and the thickness of the silver layer can be controlled feasibly by changing the spray times [15] [16] [17] .
provide a favorable interfacial adhesion enhancement layer as alternatives to the chromic etching.
In this work, the triazinedithiol compound 6-(3-triethoxysilylpropyl)amino-1,3,5-triazine-2,4-dithiol monosodium (TES) was initially introduced onto the plasma pretreated acrylonitrile-butadiene-styrene (ABS) surface, with further sensitization, silver layer was finally fabricated on the ABS surface using spray electroless deposition, which was carried out by simultaneously spraying the silver salt solution and reducing solution onto the ABS surface. Silver nitrate and ammonia aqueous solution was applied as silver salt solution and glyoxal was used as reduction agent. The ABS substrate surface according to the electroless deposition procedure was characterized by scanning electron microscopy (SEM), atomic force microscopy (AFM), X-ray photoelectron spectroscopy (XPS), and X-ray diffraction (XRD). Adhesion test was carried out to study the effect of the plasma exposure time on the cohesive force between the silver layer and the ABS substrates. The formation mechanism of silver layer was also investigated with XPS. 
Spray electroless silver deposition
The outline of the spray electroless silver deposition procedure was mainly divided into two steps, and is schematically illustrated in Fig. 1 .
Surface Modification. Prior to the modification, the ABS substrates (60 mm × 30 mm × 1 mm, Naruse Ltd. Japan) were degreased by sonication in ethanol twice for 10 min. The well-cleaned ABS surface was then exposed to argon plasma (Diener electronic Femto apparatus, Diener electronic. Plasma-Surface-Technology, Germany) with HF-Generators of 50 Hz, input power of 30 W, bias voltage of 230 V and exposure time of 5, 10, 15, 20 and 30 min. The distance between the ABS surface and the plasma was 30 mm. Different exposure times (5, 10, 15, 20 and 30 min) were selected in order to evaluate the effect of the plasma exposure time on the cohesive force between the deposited silver layer and ABS surface. Subsequently, the plasma treated ABS surface was modified with 6-(3-triethoxysilylpropyl) amino-1,3,5-triazine-2,4-dithiol monosodium (TES) by simply immersing the surface in the 0.1 wt％ TES aqueous solution for 20 min to allow the covalent grafting. TES was synthesized by reaction between 6-(3-triethoxysilylpropyl) amino-1,3,5-triazine-2,4-dichloride and NaSH, according to the method described in the previous paper 27, 28) .
Metallization. The TES modified ABS surface was then immersed in the 10％ sensitizer (S-10X, C. Uyemura & Co., Ltd. Japan) aqueous solution for 3 min at 40℃ as sensitization of the surface for the silver metallization. In a typical electroless silver deposition process, the silver salt solution was prepared by addition of 2.5％ ammonia aqueous solution dropwise into 1.5 wt％ silver nitrate (99.8％ AgNO 3 , Nacalai Tesque, Inc., Japan) aqueous solution just until the brown precipitate disappeared and the solution became transparent. The reducing aqueous solution was obtained by mixing 1％ 2,2',2"-nitrilotriethanol (98％ N(CH 2 CH 2 OH) 3 , Wako Pure Chemical Industries, Ltd., Japan) and 3.8％ glyoxal (40％ (CHO) 2 , Wako Pure Chemical Industries, Ltd., Japan) together. Finally, silver layer was fabricated by simultaneously spraying the silver salt solution and reducing solution onto the functionalized ABS surface.
Characterization
The morphologies of the as prepared ABS samples were observed by scanning electron microscopy (SEM, 3D Real Surface View Microscope VE-8800, Keyence. co., Japan) with an accelerating voltage of 2.0 kV.
The surface topography and arithmetic mean roughness (Ra) were evaluated by atomic force microscopy (AFM, Scanning Probe Microscope SPM-9700, Shimadzu Co., Fig. 1 Schematic illustration of the silver spray electroless deposition on ABS substrate.
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Japan) under dynamic mode using a NCHR-10 silicon pointprobe (Force constant: 42 N/m). The scan range and scan rate were set at 1 μm and 1.0 Hz, respectively.
The chemical state of bonding and composition changes of the ABS substrates surface according to the spray electroless silver deposition procedure were analyzed by X-ray photoelectron spectroscopy (XPS, PHI 5000 VersaProbe, Ulvac-Phi. Inc., Japan) X-ray photoelectron spectrometer equipped with monochromated Al Kα radiation (1486.6 eV) at 25.4 W source energy. The measurement was carried out at 45° takeoff angle under analysis chamber pressure of ～ 2× 10 -7 Pa. Charge compensation was achieved by charge neutralizer. All XPS data were referenced with respect to the C1s binding energy of 284.8 eV. Both analyses and curve fitting were performed on MultiPak VERSION 8 (Ulvac-Phi. Inc., Japan).
The crystalline structure of the silver layer was measured by X-ray diffraction (XRD, Bruker D8 Advanced, Bruker Corporation, Germany) using Cu Kα radiation operated at 40 kV and 40 mA. The scan speed was 0.1 s/step, and the diffraction patterns were recorded in the 2θ range of 2°-90°.
Adhesion strength was quantitatively investigated by a standard peel test (Force Measurement IMADA ZTA-50N, IMADA Co., Ltd., Japan) at a constant rate of 50 mm min -1 . The thickness of the electroless deposited silver film was increased in order to perform the quantitative adhesion strength tests. Copper was electroplated on the silver film using an acidic copper electroplating bath at a current density of 20 mA/cm 2 under room temperature for 60 min. The 90° peel test was then performed to quantify the adhesion strength of the electroless silver film. The test involved vertically peeling a 1 cm wide silver-copper strip from the substrate surface. The pull force was measured as a function of displacement. The average pull force was divided by the width of the copper strip to give the peel strength in N/mm. The morphology of the peeled surface was also observed by SEM with an accelerating voltage of 2.0 kV. 3．Results and Discussion
Surface observation of the ABS substrate
The morphologies of the ABS surface according to the spray electroless silver deposition procedure (modification, sensitization, and deposition) were first observed by SEM (Fig. 2) . As seen in Fig. 2 (a) , the surface of the bare ABS substrate is almost smooth. After the argon plasma exposure for 10 min, it is seen that the smooth surface of ABS becomes rougher, obvious small pits can be observed, and are even distributed on the surface (Fig. 2 (b) ). With the TES modification on the plasma treated ABS surface, the pits appearance becomes less obvious, only the large rough pit and pots texture can be seen ( Fig. 2 (c) ), it was assumed that the plasma treated ABS surface was covered by TES compound to a certain extent. By further sensitization, the ABS surface shows no significant change, only the pits on the surface become less ( Fig. 2 (d) ). As for the silver decorated ABS surface, the brown color distributes uniformly on the ABS surface, and the silver film can be clearly seen in the form of small grains ( Fig. 2 (e) ), indicating that the obtained silver layer was uniform, continuous, and compact [29] [30] [31] .
AFM 3D images were also observed to evaluate the change of the texture topography and roughness of the ABS surface according to the spray electroless silver deposition procedure (Fig. 3) . All topographic images are shown with the same vertical scale (correlated with height of the topographic features). The bare ABS surface presents a smooth topography, and the arithmetic average roughness (Ra) is 5.9 nm (Fig. 3 (a) ). After the argon plasma exposure for 10 min, the texture of the bare ABS disappears, meanwhile, pits of large clusters evenly distribute on the surface, and the Ra decreases to 3.6 nm, indicating that the a homogeneous ABS surface formed by plasma pretreatment (Fig. 3 (b) ). With the TES modification on the plasma treated ABS surface, the Ra decreases to 3.0 nm, and the surface becomes more homogeneous with a few of the pits still observed, it was interpreted that the poly-TES layer was formed and the clusters of pits were covered to a certain extent (Fig. 3 (c) ). By further sensitization, no significant change is observed with the surface Ra of 3.1 nm, except the pits can hardly be seen ( Fig. 3 (d) ). The surface topography changes notably after silver decoration on the ABS surface, the deposited film appears granular, as has been observed, and the surface Ra increases to 7.2 nm, which could be attributed to the minor difference in size of the silver layer, and it is noteworthy that the silver grains were uniformly distributed on the ABS surface ( Fig. 3 (e) ) 30) . The above results are in accordance with the SEM results.
3.2 Chemical characterization of the ABS surface XPS were analyzed to investigate the state of chemical bonding and composition changes of ABS substrates surface according to the spray electroless silver deposition procedure (Fig. 4) . Initially, XPS survey scans were performed to characterize the overall atomic composition of the as prepared ABS surfaces, the results are summarized in Table 1 . All spectra were normalized to the highest peak intensity (Fig. 4 (a) and 4 (b) ). The bare ABS survey scan displays the characteristic peaks of C1s at 284.8 eV, N1s at 399.6 eV and O1s at 532.5 eV. With the TES modification, the spectra showed signals around 102.3 and 162.9 eV corresponding to the Si2p and S2p regions, which are attributed to TES compound, indicating the presence of TES layer on the ABS surface ( Fig. 4 (c) ). As for the sensitized ABS surface, the characteristic peaks of Sn3d were detected. Finally, as shown in the survey scan of the sliver decorated ABS surface, Ag3d peak was detected as the main peak, which indicated the formation of the silver film.
To study more precisely the chemical modifications induced by the TES compound and the silver electroless deposition, the representative high-resolution C1s spectra were investigated by curve fitting (Fig. 5 (a) ). The hydrocarbon (C-C/C-H) component was used as reference for charge shifting and centered at a binding energy of 284.8 eV. The fitting data are summarized in Table 2 . The C1s peak of the bare ABS were fitted into two components at 284.8 and 286.4 eV, corresponding to aliphatic carbon bonds or carbon-hydrogen bonds (C-C or C-H) and nitrile group (CN) π→π* groups, respectively. And the carbon-hydrogen bonds were dominant in the existing forms of C atoms. In the spectrum of plasma treated ABS surface for 10 min, the peak at 286.4 eV shifted to 286.3 eV, and new carbon species of carbonyl groups (C=O) were found at a binding energy of 288.5 eV. Additionally, from the data summarized in Table 2 , it is seen that the proportion of the components at 286.3 eV appreciably increased to 25.9％, which was mainly attributed to the new carbon species of alcoholic/ether groups (C-OH or C-O-C). It was suggested that hydrophilic groups of -C-OH, >C=O have been introduced onto the ABS surface with plasma treatment. As for the TES modified ABS sample, the peak binding energy of C-C/C-H, CN and C=O shifted to 284.7, 286.8 and 288.6 eV, respectively. In addition to these four components, the spectrum reveals a new carbon species with a binding energy of 285.7 eV, which can be assigned to carbon-bonded nitrogen (C-NH), indicating that the ABS surface was covered by TES compound. Additionally, the proportion of the carbon-hydrogen components increased as compared to the plasma treated sample, which was also attributed to the TES chemical structure. With the further treatment of sensitization, the C1s peak presented the same components as that of the TES modified ABS, the proportion of the components also showed no obvious change. For the silver decorated ABS surface, the peak corresponding to the C-NH completely disappeared, suggesting that the TES layer was covered by silver layer. And the C1s peak were fitted to three components as previously described, C-C/C-H, C-OH and C=O groups at 284.8, 286.6 and 288.7 eV, respectively 32) .
To further clarify the interfacial characteristics of the modified samples and to study the bond formation between silver and the TES modified ABS surface, high-resolution XPS analysis of S2p regions was also carried out ( Fig. 5  (b) ). The representative S2p spectrum of the TES modified ABS surface was comprised of two components with binding energy at 162.9 and 164.1 eV, which were assigned to carbon-bonded thiol groups, showing the characteristic of sulfur in thiol group (-SH). It was concluded that the TES modified ABS substrate contains thiols on the surface. With silver decorated on the TES modified ABS surface, the S2p binding energies shifted to 161.5 and 162.7eV, which was typical of sulfur in Ag-S groups resulting from the chemical conjunction between Ag and thiol groups of TES molecules, also, the peak intensity clearly increased, demonstrating the strong interaction between silver layer and -SH groups. The high-resolution Sn3d spectrum of the further sensitized ABS surface was also given (Fig. 5 (c) ). The spectrum exhibits two peaks for the Sn3d5/2 and Sn3d3/2 with binding energies at 487.1 and 495.5 eV, respectively. It was suggested that the sensitizer was in the Sn 2+ chemical state rather than Sn 4+ for the in situ reduction of Ag + by Sn 2+ 33) . Fig. 5 (d) shows the high-resolution Ag3d spectrum of the silver decorated ABS surface. The spectrum exhibits two distinct primary peaks for the 3d5/2 and Ag3d3/2 binding energies. The two high intensity primary peaks with binding energy at 368.3 and 374.3 eV are associated with elemental Ag. The spin energy separation was identified as 6.0 eV, which further confirmed the presence of the silver in the metallic state (Ag 0 ). The other two subpeaks located at 369.4 and 375.4 eV were attributed to the Ag-S bonds, suggesting that the thiol group bond with silver on the ABS surface. It was also indicated that the Ag0 peak was predominant over Ag-S peak. Thus, silver mainly existed in the metallic state. All of the above results confirmed that based on the hydrophilic groups of C-OH and C=O groups generated by plasma treatment, TES was grafted onto the ABS substrate with thiol groups on the surface, which could chemically conjunct with silver layer through Ag-S bond, and is also proposed as the interfacial adhesion enhancement layer 34, 35) .
Additionally, in order to study the effect of plasma pretreatment time on the final adhesion strength between the deposited electroless silver layer and the ABS substrate, the high-resolution C1s spectra of the ABS surface pretreated under different plasma exposure time were investigated and the curve fitting data are summarized in Table 3 . As was described above, the C1s peak of the plasma ABS were fitted to three components of C-C/C-H, CN/C-OH (mainly C-OH) and C=O groups. The hydrophilic surface with hydroxyls was supposed to chemically conjunct with TES compound. It was indicated that with 10 min plasma treatment, the amount of the generated C-OH groups on the surface reached a maximum.
XRD patterns of the bare ABS surface and the silver decorated ABS surface are shown in Fig. 6 . It can be seen that a broad peak at around 20° originates from the bare ABS surface. As for the silver decorated ABS surface, the peak around 20° decreases in strength, meanwhile, the characteristic peaks for crystalline metallic silver appear at 2θ=38.1, 44.2, 64.4, 77.3 and 81.4°, corresponding to (111), (200), (220), (311) and (222) planes, respectively 36, 37) . Ag 2 O peaks were not observed in the diffraction patterns, indicating that the silver layer on ABS surface was not oxidized and mainly existed in the metallic state, which was also consistent with the XPS results. Original Research Paper 3.3 Adhesion strength between the ABS surface and the silver layer In order to estimate the adhesion enhancement quantitatively, adhesion strength measurements were performed using a standard peel test. The adhesion strength between the deposited electroless silver film and the ABS substrate was measured, and the effect of the plasma treatment time was evaluated. From five sample measurements, the average adhesion strength values of silver film on ABS were measured to be 9.4, 23.2, 14.1, 13.5, 12.7 N/mm for the silver decorated ABS sample with the plasma pretreatment time of 5, 10, 15, 20, 30 min, respectively (as is shown in Fig. 7) . The adhesion strength reached a maximum by 10 min plasma pretreatment, which was up to 23.2 N/mm, and was considered to be the optimal pretreatment condition. As it was suggested by XPS results that the hydrophilic groups of C-OH and C=O groups were first introduced onto the ABS surface by plasma pretreatment, thus, TES could be grafted onto the ABS surface by Si-O bond based on the generated hydroxyl groups. Finally, TES modified ABS contains thiols (-SH) that could chemically conjunct with silver layer, hence resulting a strong adherence of silver film on ABS surface 21) . It was also suggested by XPS results that under 10 min plasma treatment, the amount of the generated hydroxyl groups on the surface reached a maximum. Thus, it was inferred that the amount of TES compounds grafted onto the ABS surface reached a maximum with the maximum amount of thiols. Therefore, the adhesion strength under 10 min plasma pretreatment reached a maximum. Additionally, it was proposed that the prolonging of plasma pretreatment time could possibly result in excessive oxidation, thus, the ABS substrate surface became broken to some extent as the plasma pretreatment times was prolonged, and resulting in weak boundary layer for the further silver layer adherence. Fig. 8 also presents the top views of the peeled surfaces for the ABS side and the silver film side in the case of plasma treatment of 10 min. It could be obviously seen that the ABS surface was completely exfoliated, which also suggested the strong adhesion of silver layer to ABS surface.
4．Summary
In this work, an effective and environmentally silver spray electroless deposition was accomplished on ABS substrate, which was functionalized with a triazinedithiol compound TES via plasma pretreatment for the adhesion enhancement. The SEM and AFM results showed that a continuous, uniform and compact layer of silver layer was achieved. XRD patterns revealed that the silver layer deposited on ABS surface mainly existed in the metallic state. It was also proposed by XPS results that the functionalized ABS contains thiols that can chemically conjunct with silver layer, resulting in a high adhesion strength of silver layer on ABS substrate. The peel test also indicated that the obtained silver layer showed strong adherence. And the cohesive force between ABS and silver layer reached a maximum under plasma pretreatment by 10 min, which was up to 23.2 N/mm. The results of this study are encouraging, the spray electroless deposition approach reported here is expected to be possible with different metallization on various substrates. The triazinedithiol compound TES in this study can evolve as a promising alternative for toxic chromate-based treatment and also an effective interfacial adhesion enhancement layer. 
